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Abstract
The European pool frog, Rana lessonae, is widely polymorphic for two common alleles (b,e) at the
lactate dehydrogenase-B (LDH-B) locus. We compared fitness-related larval life-history traits among
LDH-B genotypes, which originated from segregation in heterozygous parents, in an artificial pond
experiment where tadpoles of R. lessonae from a Swiss population were raised together with tadpoles of
the hemiclonal hybrid R. esculenta at two densities. In R. lessonae, LDH-B e/e homozygotes at each
density had a higher proportion of metamorphs among survivors, reached metamorphosis earlier, and
were heavier at metamorphosis than b/b homozygotes; b/e heterozygotes had intermediate values. That
e/e individuals were superior to b/b in both time to and mass at metamorphosis is surprising because
these two life-history traits are thought to reflect a performance trade-off; e/e genotypes apparently
compensated for shorter time to metamorphosis by a higher growth rate. The two alleles showed the
same performance ranking when combined in hybrids with a R. ridibunda allele: When R. esculenta
from Swiss populations reared in the same ponds had received the e allele rather than the b allele from
their R. lessonae parent, they reached metamorphosis earlier, but did not differ in mass at
metamorphosis. The degree of linkage disequilibrium in the source population of the eight R. lessonae
used as parents of the R. lessonae tadpoles is unknown, so we cannot exclude the possibility that the
performance differences are caused by some anonymous tightly linked gene, rather than the LDH-B
locus, that constitutes the genomically localized target of natural selection. A causal involvement of
LDH-B is plausible, nevertheless, because this enzyme takes part in the central energy-metabolizing
processes and has been reported to underlie fitness differences in other animals; also, differential
performance of LDH-B genotypes has been observed in R. lessonae larvae from another population. The
present results suggest strong directional selection for allele e; the sum of available data, including an
independent laboratory experiment, suggests that partial environment-dependent overdominance
combined with balancing selection favoring e/e homozygotes under some and b/b homozygotes under
other conditions may be partially responsible for the broad maintenance of the LDH-B polymorphism in
R. lessonae.
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Abstract. The European pool frog, Rana lessonae, is widely polymorphic for two common alleles (b, e) at the lactate
dehydrogenase-B (LDH-B) locus. We compared fitness-related larval life-history traits among LDH-B genotypes,
which originated from segregation in heterozygous parents, in an artificial pond experiment where tadpoles of R.
lessonae from a Swiss population were raised together with tadpoles of the hemiclonal hybrid R. esculenta at two
densities. In R. lessonae, LDH-B e/e homozygotes at each density had a higher proportion of metamorphs among
survivors, reached metamorphosis earlier, and were heavier at metamorphosis than b/b homozygotes; b/e heterozygotes
had intermediate values. That e/e individuals were superior to b/b in both time to and mass at metamorphosis is
surprising because these two life-history traits are thought to reflect a performance trade-off; e/e genotypes apparently
compensated for shorter time to metamorphosis by a higher growth rate. The two alleles showed the same performance
ranking when combined in hybrids with a R. ridibunda allele: When R. esculenta from Swiss populations reared in
the same ponds had received the e allele rather than the b allele from their R. lessonae parent, they reached meta-
morphosis earlier, but did not differ in mass at metamorphosis. The degree of linkage disequilibrium in the source
population of the eight R. lessonae used as parents of the R. lessonae tadpoles is unknown, so we cannot exclude the
possibility that the performance differences are caused by some anonymous tightly linked gene, rather than the LDH-
B locus, that constitutes the genomically localized target of natural selection. A causal involvement of LDH-B is
plausible, nevertheless, because this enzyme takes part in the central energy-metabolizing processes and has been
reported to underlie fitness differences in other animals; also, differential performance of LDH-B genotypes has been
observed in R. lessonae larvae from another population. The present results suggest strong directional selection for
allele e; the sum of available data, including an independent laboratory experiment, suggests that partial environment-
dependent overdominance combined with balancing selection favoring e/e homozygotes under some and b/b homo-
zygotes under other conditions may be partially responsible for the broad maintenance of the LDH-B polymorphism
in R. lessonae.
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Whether the high amount of allelic polymorphism at pro-
tein-coding loci observed in natural populations of many or-
ganisms is selectively neutral or adaptive has been disputed
since such data first became available (e.g., Lewontin and
Hubby 1966; Lewontin 1974; Harris 1976). The assumption
of neutrality is widely used for population genetic, phylo-
genetic, and ecogenetic analyses based on protein electro-
phoretic markers. Recent studies have repeatedly questioned
the generality of the neutrality assumption, partly because
significant differences among single-locus genotypes in fit-
ness-related life-history and physiological traits have been
demonstrated (e.g., Koehn and Gaffney 1984; Mitton and
Grant 1984; Watt 1985, 1994; Allendorf and Leary 1986;
DiMichele et al. 1986; Koehn and Hilbish 1987; Zouros et
al. 1988; McDonald and Kreitman 1991; Patarnello and Bat-
taglia 1992; Vrijenhoek et al. 1992; Powers et al. 1993; Eanes
1994, 1999; Hilbish et al. 1994; Johannesson et al. 1995;
Kreitman and Akashi 1995; Mitton 1997; Schulte et al. 2000).
When explaining the maintenance of allelic variation by nat-
ural selection, two not mutually exclusive models are prom-
inent: (1) heterozygote superiority (overdominance); and (2)
one or a combination of several kinds of balancing selection
2 Present address: Zoologisches Museum, Universita¨t Zu¨rich-Ir-
chel, Winterthurerstrasse 190, CH-8057 Zu¨rich, Switzerland; E-
mail: hotz@zoolmus.unizh.ch.
that favors alternative allelic genotypes under different en-
vironmental circumstances.
We studied the larval performance of the European pool
frog, Rana lessonae, in relation to the enzyme locus lactate
dehydrogenase-B (LDH-B; EC 1.1.1.27). Rana lessonae is
common in most aquatic habitats in central Europe and co-
exists as a genetic host with the hemiclonally reproducing
hybrid Rana esculenta (5 Rana ridibunda 3 R. lessonae;
reviewed by Graf and Polls Pelaz 1989; Berger 1990; Schmidt
1993); such mixed populations form the L-E system (Uzzell
and Berger 1975). At the locus LDH-B, R. lessonae is highly
polymorphic for two common alleles (b, e), in similar fre-
quencies, throughout most of its range (Uzzell and Berger
1975; Vogel and Chen 1977; Uzzell et al. 1980; Gu¨nther and
Koref-Santiban˜ez 1983; Hotz 1983, unpubl. data). We have
documented LDH-B allele frequencies among some popu-
lations, including the source population for our experiment,
in Table 1. Here, we report from an experiment using artificial
ponds significant performance differences among LDH-B ge-
notypes of R. lessonae in three larval life-history traits that
are closely related to individual fitness. We also tested per-
formance of LDH-B genotypes for the same traits in R. es-
culenta tadpoles reared together with the R. lessonae tadpoles.
Results from a laboratory experiment, using R. lessonae tad-
poles of the same LDH-B genotypes from a different locality,
in which temperature, food amount, and food quality were
manipulated, are presented elsewhere (Schmidt et al. 1998).
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TABLE 1. Examples of LDH-B allele frequencies in Rana lessonae populations.
Region (drainage) Locality
Number of
lessonae
genomes
sampled1
LDH-B allele2
b e j
Central Poland (Baltic)
Northern Switzerland (North Sea)
Southern Switzerland (Adriatic)
North Italian plain (Adriatic)
Central Croatia (Black Sea)
Poznan´
Gu¨tighausen3
Hellberg4
Magadino
San Dona` di Piave5
Zagreb5
57
831
876
42
76
36
0.35
0.31
0.33
0.26
0.42
0.44
0.65
0.67
0.67
0.74
0.58
0.56
—
0.03
—
—
—
—
1 Calculated from pooled samples of R. lessonae and lessonae genomes in coexisting hemiclonal hybrids R. esculenta.
2 Allele designations follow Hotz and Uzzell (1983) and Hotz (1983); j is a newly designated LDH-B allele of R. lessonae (its product on continuous tris-
citrate, pH 6 starch gels has a mobility intermediate between those of the b and e products) that is found in low frequency in northern Switzerland.
3 Our study site.
4 Study site of Schmidt et al. (1998).
5 Data from Hotz (1983).
MATERIALS AND METHODS
Experimental Crosses and Experimental Design
Rana lessonae and R. esculenta were collected in a pond
near Gu¨tighausen and in a pond near Hellberg, Kanton Zu¨r-
ich, Switzerland (Semlitsch et al. 1996). Taxon and LDH-B
genotype of each frog were determined, before crosses were
made, by protein electrophoresis (Uzzell and Berger 1975;
Hotz 1983), using toes clipped to mark individuals. To obtain
R. lessonae tadpoles, five R. lessonae males from Gu¨tighausen
that were heterozygous for LDH-B (genotype b/e) were ar-
tificially crossed (see Semlitsch 1993b; Berger et al. 1994)
with three R. lessonae females from Gu¨tighausen (two b/e
heterozygotes, one e/e homozygote); two females were
crossed with two different males, one female (b/e) with one
male, so there was a total of five replicate crosses (two sets
of two half-sib families plus a single family). To obtain Rana
esculenta tadpoles, females of four sources were each crossed
with three different R. lessonae males from Gu¨tighausen and
three R. lessonae males from Hellberg; the four female sourc-
es (Semlitsch et al. 1996) were two natural R. esculenta hem-
iclones coexisting at Gu¨tighausen (GU¨ T1, GU¨ T2), one nat-
ural hemiclone from Hellberg (HEL1), and R. ridibunda from
Poznan´, Poland, resulting in F1 hybrids (POZ). All crosses
were made on 29 May, and tadpoles hatched on 5 June. After
reaching stage 25 (Gosner 1960; free-swimming), R. lessonae
tadpoles from all five crosses were pooled in equal numbers
and then served as the founders for the experimental popu-
lations, so that each pond received a random sample of the
mixture. With this design, the three LDH-B genotypes of
Rana lessonae thus were together in similar relative propor-
tions in the ponds and resulted from segregation in the het-
erozygous parents (expected frequencies 15% b/b, 50% b/e,
35% e/e). For R. esculenta, tadpoles from all crosses of a
given female source were pooled in the same manner to obtain
the founders for the experimental populations; LDH-B ge-
notypes of their R. lessonae fathers were not known, but 58%
of surviving progeny received the b allele and 42% the e
allele from them. To analyze LDH-B genotypes of R. escu-
lenta, the three Swiss hemiclones (GU¨ T1, GU¨ T2, HEL1) were
treated together, because they share the same R. ridibunda
allele (c) and their two genotypes (b/c, c/e) are distinguished
by the two R. lessonae alleles of their fathers. F1 hybrids
(POZ) are omitted from the LDH-B analysis because their
ridibunda genomes came from an entirely different origin
and contained two segregating alleles (a, c).
We used 1-m3 fiberglass tanks (1.0 3 1.5 m, 0.8 m deep)
as artificial ponds to rear tadpoles to metamorphosis (Sem-
litsch 1993b). Tanks, situated outdoors in a rectangular array
of three replicate blocks used to partition variation in sun-
light, were filled with 1000 L of tap water between 27–30
April 1992 and immediately covered with screen lids of 1-
mm mesh to prevent colonization by dragonflies. On 30 April
all tanks received 1.0 kg of air-dried reeds (Phragmites com-
munis) collected from the edge of a natural lake. Tanks were
inoculated with 1 L of concentrated zooplankton, collected
from natural ponds, each on 5 and 6 May. We added five
adult snails (Lymnaea stagnalis) to each tank between 13–19
May.
Rana lessonae tadpoles were reared in competition with R.
esculenta tadpoles from one of the four different female
sources. Rearing the two species together in the same ponds
provides a realistic, stressful larval environment correspond-
ing to tadpole competition in natural ponds, where the two
species virtually always coexist. Laboratory data on the same
LDH-B genotypes of R. lessonae revealed different ranking
orders and stronger LDH-B effects when the tadpoles were
reared in groups than when they were reared individually
(Schmidt et al. 1998). We believe that the raising in groups
and the mixing of the two species is critical to a performance
study addressing the maintenance of the LDH-B polymor-
phism in natural populations. We reared tadpoles at two ini-
tial densities to simulate high and low growth environments.
The initial high density was set at a total of 80 tadpoles per
tank (53 per m2) and the initial low density at a total of 20
tadpoles per tank (13 per m2). Previously reported experi-
ments have yielded significant differences in growth and de-
velopment at similar densities (Semlitsch and Reyer 1992;
Semlitsch 1993b,c; Semlitsch et al. 1997). On 12 June, R.
lessonae and R. esculenta tadpoles were counted and mixed
equally (40:40 at high density, 10:10 at low density) and then
randomly assigned to the ponds. Three replicate ponds were
used for each mixture of R. lessonae tadpoles and one of the
four R. esculenta sources at high and at low density; for
statistically testing LDH-B effects in R. lessonae we treated
all hybrid competitors (GU¨ T1, GU¨ T2, HEL1, POZ) as equiv-
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alent, which resulted in 12 replicate ponds of high density
and 12 replicate ponds of low density. Data from two ponds
were omitted from the analysis because they contained a
predator (dragonfly larva); with the omission of POZ from
the LDH-B analysis, this resulted in 11 replicate ponds of
each density for R. lessonae and eight replicate ponds of each
density for R. esculenta.
Measures of Performance
Proportion of survivors metamorphosing, time to meta-
morphosis, and body mass at metamorphosis were used as
surrogates of fitness to measure the effects of LDH-B ge-
notype and the density treatment. When tadpoles began to
metamorphose, all tanks were checked every other day for
newly metamorphosed individuals. Metamorphosis was de-
fined as emergence of at least one forelimb (stage 42; Gosner
1960). At metamorphosis, the total days from the start of the
experiment (day 0: 12 June 1992) was recorded and meta-
morphs were removed, held in the laboratory for 4–5 days
until tail resorption was complete, and then weighed to the
nearest 0.1 mg (mass at tail resorption is an optimal estimate
for body size at metamorphosis; Travis 1980, 1981, 1984).
On 17–19 August 1992 (days 66–68) we terminated the ex-
periment by draining and thoroughly searching all tanks for
any remaining tadpoles or metamorphs. Tadpoles and me-
tamorphs were frozen (2808C) for later electrophoresis to
determine taxon and LDH-B genotype. For each LDH-B ge-
notype of each taxon of each tank, proportion of survivors
metamorphosing was the number of metamorphs divided by
the total number of metamorphs 1 tadpoles. To integrate the
effects on time to metamorphosis and mass at metamorphosis,
we also calculated a simple measure for growth rate by di-
viding for each metamorph the mass at metamorphosis by
the number of days to metamorphosis. We assumed that
growth rate was linear during this time. Because of its high
correlation with time to and mass at metamorphosis, we did
not analyze growth rate as a separate response variable.
In amphibians, the larval stage is bound to a spatially and
temporally variable, often unpredictable aquatic environment
and is a demographically important component of life history,
in which population regulation is strongest (e.g., Wilbur
1980, 1990; Travis et al. 1987; Berven 1990; Blouin 1992;
Semlitsch 1993a). All three larval life-history traits measured
in our experiment (proportion metamorphosing, time to meta-
morphosis, and mass at metamorphosis) are thought to greatly
influence individual fitness in anurans. Survival to meta-
morphosis obviously is an important component of larval
performance that directly influences fitness through its effect
on juvenile recruitment and the potential for population
growth (Berven 1990). Early metamorphosis enables indi-
viduals to escape from drying of ephemeral ponds (Smith
1983; Newman 1988a,b) or from aquatic predators (Smith
1983, 1987; Woodward 1983; Travis et al. 1985), and may
lead to earlier sexual maturity (Smith 1987). Large size at
metamorphosis may enhance juvenile physiological and lo-
comotor performance in the terrestrial environment (Pough
and Kamel 1984; Taigen and Pough 1985; John-Alder and
Morin 1990; Goater et al. 1993; Newman and Dunham 1994);
juvenile survivorship (Martof 1956; Berven and Gill 1983;
Pfennig et al. 1991; Scott 1994), for example, during the first
hibernation; and may lead to the advantage of earlier first
reproduction or larger size at first reproduction (Turner 1962;
Clarke 1974; Berven and Gill 1983; Smith 1987; Semlitsch
et al. 1988; Berven 1990; Goater 1994; Scott 1994). Based
on this evidence, it can reasonably be assumed that the larval
life-history traits we measured as surrogates of fitness are in
fact highly relevant components of individual fitness.
Statistical Analyses
Data analyses were performed separately for R. lessonae
and R. esculenta, because the genomic background of their
LDH-B alleles is entirely different, R. esculenta being an
interspecies hybrid. We tested average performance of pop-
ulations by using a three-way (density, block, and LDH-B
genotype) univariate analysis of variance (ANOVA) for each
of the three response variables, using pond as the unit of
replication. The three LDH-B genotypes of R. lessonae and
the two of R. esculenta were reared together in the same
ponds. Technically, this may appear to violate the assumption
of independence (pseudoreplication; Hurlbert 1984). Nev-
ertheless, comparing performance of the different LDH-B
genotypes was the purpose of our study; that the genotypes
shared the same environments helps uncouple the effects of
LDH-B genotype and of individual pond, which would be
inextricably confounded were the genotypes reared in sep-
arate ponds. There was no significant pond 3 LDH-B ge-
notype interaction in any of the three response variables for
either of the two species (P . 0.1 for each analysis), sug-
gesting that differences among LDH-B genotypes are not a
function of a unique environment, but rather are genetically
determined.
All factors were considered fixed effects. All two- or three-
way interactions that were not significant were pooled into
the residual of the model. For the analysis we used the pro-
gram SuperANOVA (Abacus Concepts 1989). The propor-
tion of survivors metamorphosing was angularly transformed
by the arcsine of the square-root; time to metamorphosis,
mass at metamorphosis, and growth rate were logarithmically
transformed before analysis to increase additivity of effects
and equality of the variance (Snedecor and Cochran 1980).
Conservative tests for significance in pairwise comparisons
among LDH-B genotypes were performed after ANOVA us-
ing Scheffe´‘s multiple range test, which controls for exper-
imentwise Type I errors. Because a performance difference
between any two genotypes is sufficient for natural selection
to act, Scheffe´‘s test was carried out regardless of whether
the main effect of LDH-B was significant. Because we con-
servatively used whole ponds as units of analysis, the power
of our tests was low; inclusion of pairwise tests helped iden-
tify differences between particular genotypes that can be sub-
ject to selection.
RESULTS
Rana lessonae
For all three life-history traits measured (proportion of
survivors metamorphosing, time to metamorphosis, and mass
at metamorphosis), LDH-B genotypes of R. lessonae tadpoles
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TABLE 2. Summary of the analysis of variance of proportion of survivors metamorphosing, time to metamorphosis, and mass at metamorphosis
for three LDH-B genotypes (b/b, b/e, e/e) of Rana lessonae reared in outdoor artificial ponds at two densities in three spatial blocks together
with R. esculenta tadpoles. Only main effects are included because none of the two- or three-way interactions was significant.
Response variable
Source of
variation df
Type III
MS F P
Proportion metamorphosing density
block
LDH-B
residual
1
2
2
56
1798.7571
134.1346
1102.9213
293.5460
6.13
0.46
3.76
0.0164
0.6356
0.0294
Time to metamorphosis density
block
LDH-B
residual
1
2
2
55
0.0035
0.0404
0.0072
0.0024
1.47
17.07
3.03
0.2299
, 0.0001
0.0564
Mass at metamorphosis density
block
LDH-B
residual
1
2
2
55
5.9167
0.1567
0.0917
0.0375
157.71
4.18
2.44
, 0.0001
0.0205
0.0963
FIG. 1. Percentage of survivors metamorphosing (A), time to metamorphosis (B), and mass at metamorphosis (C) of Rana lessonae
tadpoles of three LDH-B genotypes (b/b, b/e, e/e), analyzed by LDH-B genotype and larval density by pond. Plotted values are means
of pond means; numbers indicate number of ponds (number of individuals). Superior performance is indicated by lower values for time
to metamorphosis and by higher values for the other two response variables.
performed differently, and for all three traits the performance
ranking of the three LDH-B genotypes was the same.
The proportion of metamorphs among survivors was sig-
nificantly affected by density and by LDH-B genotype, but
not by block (Table 2). There was no two- or three-way
interaction among LDH-B genotype, density, and block (P
. 0.2 for each). For each LDH-B genotype, the proportion
of metamorphs was higher at low density than at high density
(Fig. 1A). For each density, the proportion of metamorphs
among survivors was highest for LDH-B e/e homozygotes
(mean 6 SE, 100.0 6 0.0% for low, 89.4 6 4.5% for high
density), lowest for b/b homozygotes (79.2 6 8.2% for low,
76.6 6 9.3% for high density), and intermediate for b/e het-
erozygotes (93.5 6 2.9% for low, 80.5 6 3.6% for high
density; Fig. 1A). The difference between the two homozy-
gous genotypes was significant (P , 0.05, Scheffe´‘s test),
whereas the difference between the heterozygote and either
homozygote was not (P . 0.05 for each pair).
Time to metamorphosis was strongly affected by block and
slightly affected by LDH-B genotype, but not affected by
density (Table 2). There was no two- or three-way interaction
among LDH-B genotype, density, and block (P . 0.4 for
each). One block of ponds was located in a more shady area
with lower water temperatures; this resulted in significantly
longer time to metamorphosis of tadpoles than in the other
two blocks. For each density, time to metamorphosis was
shortest for LDH-B e/e homozygotes (53.8 6 1.3 days for
low, 54.1 6 0.9 days for high density), longest for b/b ho-
mozygotes (56.0 6 1.8 days for low, 56.5 6 1.0 days for
high density), and intermediate for b/e heterozygotes (54.9
6 0.7 days for low, 55.8 6 0.8 days for high density; Fig.
1B). Given that shorter time to metamorphosis is advanta-
geous, the rank order in performance of LDH-B genotypes
for time to metamorphosis was thus the same, at each density,
as for proportion of metamorphs (e/e . b/e . b/b). The dif-
ference between the two homozygous genotypes was signif-
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TABLE 3. Summary of the analysis of variance of proportion of survivors metamorphosing, time to metamorphosis, and mass at metamorphosis
for two LDH-B genotypes (b/c, c/e), distinguished by two Rana lessonae alleles (b, e), of the hemiclonal hybrid R. esculenta reared in outdoor
artificial ponds at two densities in three spatial blocks together with R. lessonae tadpoles. No two- or three-way interaction, except density 3
block for mass at metamorphosis, was significant.
Response variable
Source of
variation df
Type III
MS F P
Proportion metamorphosing density
block
LDH-B
residual
1
2
1
24
8545.5309
264.6031
1033.8979
395.5431
21.60
0.67
2.61
, 0.0001
0.5215
0.1190
Time to metamorphosis density
block
LDH-B
residual
1
2
1
20
0.0001
0.0106
0.0229
0.0014
0.06
7.56
16.40
0.8031
0.0036
0.0006
Mass at metamorphosis density
block
LDH-B
density 3 block
residual
1
2
1
2
17
5.7141
0.1252
0.0023
0.1364
0.0322
177.35
3.89
0.07
4.23
, 0.0001
0.0408
0.7948
0.0322
icant (P , 0.05, Scheffe´‘s test), whereas the difference be-
tween the heterozygote and either homozygote was not (P .
0.05 for each pair).
Mass at metamorphosis was strongly affected by density
and slightly affected by block and by LDH-B genotype (Table
2). There was no two- or three-way interaction among LDH-
B genotype, density, and block (P . 0.5 for each). For each
LDH-B genotype, mass at metamorphosis was higher at low
density than at high density (Fig. 1C). For each density, mass
at metamorphosis was highest for LDH-B e/e homozygotes
(709.1 6 58.5 mg for low, 395.0 6 17.7 mg for high density),
lowest for b/b homozygotes (627.3 6 61.6 mg for low, 336.9
6 17.6 mg for high density), and intermediate for b/e het-
erozygotes (705.9 6 43.3 mg for low, 353.7 6 18.7 mg for
high density; Fig. 1C). The performance ranking for mass at
metamorphosis was thus again e/e . b/e . b/b. The difference
between the two homozygous genotypes was significant (P
, 0.05, Scheffe´‘s test), whereas the difference between the
heterozygote and either homozygote was not (P . 0.05 for
each pair).
Growth rate was slightly affected by LDH-B genotype at
each density (F2,55 5 2.98, P 5 0.0591). The individual
growth rate was highest for LDH-B e/e homozygotes (13.3
6 1.3 mg/day for low, 7.5 6 0.4 mg/day for high density),
lowest for b/b homozygotes (11.4 6 1.3 mg/day for low, 6.1
6 0.4 mg/day for high density), and intermediate for b/e
heterozygotes (13.1 6 0.9 mg/day for low, 6.5 6 0.4 mg/
day for high density). The ranking in performance (e/e . b/
e . b/b) was thus the same as in the three response variables
included in the primary analysis. The difference between the
two homozygous genotypes was significant (P , 0.05, Schef-
fe´‘s test), that between the heterozygote and either homo-
zygote was not (P . 0.05 for each pair).
Rana esculenta
The two LDH-B genotypes (b/c, c/e) of tadpoles of the
hemiclonal hybrid R. esculenta, reared in the same ponds with
R. lessonae tadpoles and differing only in their lessonae al-
leles (b or e), showed a significant difference in time to meta-
morphosis, but not in mass at metamorphosis or in proportion
of survivors metamorphosing. Time to metamorphosis was
significantly affected by block (P 5 0.0036) and by LDH-B
genotype (P 5 0.0006), but not by density (Table 3). For
each density, time to metamorphosis was shorter for the LDH-
B c/e genotype (61.0 6 1.0 days for low, 59.9 6 0.8 days
for high density) than for the b/c genotype (64.4 6 0.6 days
for low, 64.7 6 0.5 days for high density; Fig. 2B). The rank
order in performance of the two lessonae alleles, when com-
bined in hybrids with the ridibunda allele c, was thus the
same as in R. lessonae: e . b. The difference between the
two genotypes was significant (P , 0.05, Scheffe´‘s test). The
proportion of survivors metamorphosing was strongly af-
fected by density but not affected by block (Table 3); al-
though the effect of LDH-B on proportion metamophosing
was not significant (P 5 0.119; Table 3), the rank order in
performance of the two LDH-B genotypes was the same as
that for time to metamorphosis at each density (low density,
c/e 70.5 6 8.5%, b/c 64.1 6 8.2%; high density, c/e 30.5 6
12.5%, b/c 9.4 6 3.9%; Fig. 2A). The difference between
the two genotypes was not significant (P . 0.05, Scheffe´‘s
test). Mass at metamorphosis was strongly affected by density
and slightly affected by block and by the interaction of den-
sity and block, but not affected by LDH-B genotype (Table
3; Fig. 2C).
DISCUSSION
The LDH-B genotypes of R. lessonae performed differently
in all three life-history traits measured: proportion of sur-
vivors that reached metamorphosis, time to metamorphosis,
and mass at metamorphosis. For all three traits, the three
LDH-B genotypes had the same ranking in performance (e/
e . b/e . b/b). Larval density and LDH-B genotype did not
interact, and thus are additive in effect, for each of these
traits. The differences in proportion of metamorphs that we
observed among LDH-B genotypes of R. lessonae tadpoles
were large: Means for the two homozygotes differed by 21%
(26% of the lower value) at the low density and by 13%
(17%) at the high density. In contrast, the difference in time
to metamorphosis was relatively slight (averages spanning a
range of two days, or 4%), which may suggest an only minor
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FIG. 2. Percentage of survivors metamorphosing (A), time to metamorphosis (B), and mass at metamorphosis (C) of hemiclonal hybrid
(Rana esculenta 5 Rana ridibunda 3 Rana lessonae) tadpoles of two LDH-B genotypes (b/c, c/e; b, e: lessonae alleles, c: ridibunda
allele), analyzed by LDH-B genotype and larval density by pond. Plotted values are means of pond means; numbers indicate number of
ponds (number of individuals). Superior performance is indicated by lower values for time to metamorphosis and by higher values for
the other two response variables.
impact on lifetime fitness (although a R. sylvatica cohort that
metamorphosed one week earlier than another with similar
body sizes had a one-year survival rate about twice as high;
Berven and Gill 1983). Mass at metamorphosis showed again
large differences among R. lessonae LDH-B genotypes:
Means for the two homozygotes differed by 82 mg (13% of
the lower value) at low density, and by 58 mg (17%) at high
density. Differences such as those in proportion of meta-
morphs and mass at metamorphosis are certainly expected to
have substantial fitness consequences when occurring in nat-
ural populations (e.g., Berven and Gill 1983; Smith 1987;
Semlitsch et al. 1988; Pfennig et al. 1991; Goater 1994; Scott
1994).
The artificial ponds we have used for several years to raise
tadpoles (Semlitsch and Reyer 1992; Semlitsch 1993b,c;
Semlitsch et al. 1997) provide complex and structured en-
vironments, including a self-maintaining and diverse food
supply and spatial and temporal temperature and trophic gra-
dients in open-water, edge, and benthic zones than can be
and are partitioned by water frog tadpoles. Moreover, R. les-
sonae tadpoles were raised in a realistic, stressed background
of competition with R. esculenta tadpoles. The most notable
difference from natural habitats is the absence of aquatic
predators, which are known to affect survival, foraging ac-
tivity and growth of tadpoles (e.g., Anholt and Werner 1995;
Van Buskirk et al. 1997), including those of water frogs (e.g.,
Semlitsch 1993c; Horat and Semlitsch 1994); additional per-
formance differences among LDH-B genotypes may occur if
they are affected differentially by predators as a result of
physiological differences among the genotypes. The two lar-
val densities we used, 20 and 80 per 1000 L, are within values
of natural densities of Rana tadpoles (13–278 per 1000 L
reported by Morin 1983); high density is generally poor for
R. lessonae but favorable for R. esculenta, and vice versa for
low density (Semlitsch 1993b). In these mesocosms the ef-
fects of LDH-B genotypes on larval performance were stron-
ger than in more benign controlled laboratory conditions in
which R. lessonae tadpoles were reared either individually or
(more stressful and leading to stronger LDH-B effects) in
groups (Schmidt et al. 1998). It appears plausible that in still
more severe natural situations, including predators and par-
asites, the cumulative effects of LDH-B genotypes on larval
fitness might be even larger than we observed (e.g., Travis
1983b).
It is surprising that e/e homozygotes performed better than
b/b homozygotes in all three fitness traits measured, and spe-
cifically, in both time to metamorphosis and mass at meta-
morphosis. Time to metamorphosis and size at metamorpho-
sis in anuran tadpoles are usually viewed as alternative life-
history modes reflecting a trade-off (e.g., Berven and Gill
1983; Travis 1983a; Pfennig et al. 1991) between the ad-
vantages of starting postmetamorphic life at a large size and
avoiding larval death caused by drying of ephemeral ponds
or by aquatic predators. Especially under resource-limited
conditions, a delay of metamorphosis may be the cost for
attaining a large or at least minimal size at metamorphosis
(Travis 1984; Alford and Harris 1988). In our experiment,
LDH-B genotypes of R. lessonae showed the same perfor-
mance ranking in individual growth rates (e/e . b/e . b/b)
as in time to and mass at metamorphosis, so the e/e homo-
zygotes were able to compensate for the shorter time to meta-
morphosis relative to b/b homozygotes by a higher growth
rate.
In a laboratory experiment with R. lessonae tadpoles from
a different locality, Hellberg (Schmidt et al. 1998), perfor-
mance of LDH-B genotypes differed from that in our artificial
pond experiment when tadpoles were reared individually:
Heterozygotes had the significantly highest growth rates and
also tended to perform best, although the difference was not
significant, for mass at metamorphosis; in contrast, when R.
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lessonae tadpoles were kept in groups, the three LDH-B ge-
notypes for mass at metamorphosis showed the same rank
order of performance as in our pond experiment (e/e . b/e
. b/b). Larval performance of LDH-B genotypes in R. les-
sonae thus depends on the environment, although neither the
present experiment nor that of Schmidt et al. (1998) revealed
direct evidence for genotype 3 environment interactions.
The two common LDH-B alleles of R. lessonae genomes
for at least one of the three life-history traits studied (time
to metamorphosis) showed differential performance in the
same ranking order (e . b) when combined in R. esculenta
with a R. ridibunda allele. This is important because R. es-
culenta contains an entirely different (interspecies hybrid)
genotypic background for the LDH-B alleles.
An obvious question arising whenever performance dif-
ferences among single-locus genotypes are observed is
whether the fitness differentials are caused by these genotypes
or by some closely linked anonymous gene (hitchhiking; e.g.,
Maynard Smith and Haigh 1974; Clarke 1975; Ohta and Ki-
mura 1975; Thomson 1977; Hedrick 1980; Kaplan et al.
1989). The eight R. lessonae parents we used to generate R.
lessonae tadpoles came from a single breeding site, Gu¨tig-
hausen. Because degree of linkage disequilibrium in this pop-
ulation (e.g., reflecting a recent bottleneck) is unknown, it
cannot in fact be excluded that the differential larval per-
formance we observed is caused by an anonymous tightly
linked gene rather than by the LDH-B locus itself. It must
be emphasized that even if the observed performance dif-
ferences were not caused by LDH-B genotypes, the mere
existence of such substantial differences in fitness-related
life-history traits caused by a restricted region of one chro-
mosome (chromosome 4; cf. Hotz et al. 1997), whether or
not they can be mechanistically traced back to a specific
enzyme-coding locus, is an evolutionarily important obser-
vation because it gives evidence for a genomically localized
target of natural selection.
A causal involvement of LDH-B appears plausible, nev-
ertheless. This enzyme takes part in the central energy-me-
tabolizing processes (e.g., Holbrook et al. 1975), and fitness
differences among genotypes of protein loci reported for oth-
er vertebrates have repeatedly included LDH-B (e.g., am-
phibians: Pierce and Mitton 1982; Gorman and Gaines 1987;
Marker and Gatten 1993; reptiles: Gatten et al. 1991; fish:
Mitton and Koehn 1975; Mitton 1978; Powers et al. 1983,
1991, 1993; Danzmann et al. 1988; DiMichele et al. 1991;
Pierce and Crawford 1997). Two other observations support
a causal relation to LDH-B more directly. First, the R. les-
sonae alleles in the hybrid R. esculenta, which showed the
same rank order of performance in time to metamorphosis
(e . b), originated from three different R. lessonae individ-
uals of the same (Gu¨tighausen) and from three of a different
population (Hellberg), situated at a distance of 35 km from
Gu¨tighausen. This increases the number of R. lessonae ge-
nomes sampled in which LDH-B genotype affected perfor-
mance. Second, differential performance of LDH-B geno-
types has also been observed in a laboratory experiment with
R. lessonae tadpoles from Hellberg, generated from eight dif-
ferent R. lessonae parents (Schmidt et al. 1998); when kept
in groups, the rank order of performance of LDH-B genotypes
in mass at metamorphosis and in developmental rate was the
same as in our artificial ponds (e/e . b/e . b/b). It seems
unlikely, although not impossible, that all R. lessonae indi-
viduals from the two localities used as parents in these ex-
periments happened to have the two LDH-B alleles in the
same linkage phase with respective hypothetical alleles of an
anonymous closely syntenic locus. Our working assumption
is that the observed effects are a result of the LDH-B ge-
notype.
The present results suggest strong directional selection for
the LDH-B allele e of R. lessonae; nevertheless, this locus
is polymorphic throughout most of the species’ range (Table
1). The sum of our results and those of Schmidt et al. (1998)
suggests that the broad maintenance of LDH-B polymor-
phism in R. lessonae may be a result of balancing selection.
In the larval stage, e/e homozygotes are superior under some
conditions but heterozygotes under others: The superior per-
formance of LDH-B heterozygotes in growth rate and pos-
sibly mass at metamorphosis in the laboratory shows over-
dominance in some environments (Schmidt et al. 1998). It is
possible that homozygotes for the alternate common allele
(b/b) are superior under yet different environmental condi-
tions, or in some other life stage (antagonistic pleiotropy;
Rose 1982), although theoretical considerations suggest that
conditions for antagonistic pleiotropy to selectively maintain
allelic polymorphisms are quite restricted (Curtsinger et al.
1994). A trade-off between larval and adult performance is
in fact suggested by different ranking of R. lessonae LDH-
B genotypes in adult body size (b/b . e/e; Schmidt et al.
1998) than in the larval stage.
Our data join a growing body of evidence for fitness dif-
ferentials among genotypes of protein-coding loci. This ev-
idence suggests that dismissal of natural selection as one
among the major forces in shaping natural allelic polymor-
phisms may be premature (cf. Kreitman and Akashi 1995;
Mitton 1997; Eanes 1999). Differences between genotypes
of enzyme-coding loci and other DNA markers in patterns
of variation and correlation with fitness measures also strong-
ly suggest that such enzyme loci are plausible targets of se-
lection (e.g., Karl and Avise 1992; Zouros and Pogson 1994;
Hare et al. 1996). To understand the selective mechanisms
underlying the LDH-B polymorphism of R. lessonae, addi-
tional tests are needed; and detailed interdisciplinary work
on LDH-B in water frogs, including molecular and physio-
logical studies, will be necessary to make this a generalizable
model case (cf. Powers et al. 1993). The widespread allelic
polymorphism at the LDH-B locus in several species of the
western Palearctic water frog group (e.g., Uzzell and Berger
1975; Uzzell and Hotz 1979; Gu¨nther and Koref-Santiban˜ez
1983; Hotz 1983; Mezhzherin and Peskov 1992; Beerli 1994;
Buckley et al. 1994; Hotz et al. 1994) make this genetically
and ecologically well-investigated group a promising system
for such a study.
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